Objective: To demonstrate that the real-time nutritional analysis of human milk carbohydrate, fat and protein with near-infrared (NIR) spectrophotometric methods is accurate.
Introduction
The very low birth weight (VLBW) infant is nutritionally disadvantaged at birth. The challenge of attempting to match their intrauterine growth rate deal with the stressors of illness, and an immature gastrointestinal tract leads to almost universal nutritional deficiencies.
1,2 Rapid brain growth and maturation at this stage are highly sensitive to nutrient inadequacies and may result in impaired neuro-developmental outcomes. [3] [4] [5] [6] [7] [8] Human milk is superior to all other forms of nutrition available for preterm infants and confers distinct health advantages to the preterm infant, particular with a reduction in necrotizing enterocolitis and sepsis. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, human milk exhibits high variability in nutrient content between mothers, over the time course of lactation and even throughout the day. [16] [17] [18] This variability has the potential to introduce problems to the premature infant that is exclusively fed expressed human milk. As current neonatal practice blindly assumes mother's milk content to be 20 kcal per oz, there is a risk in many cases that clinically significant under-or over-estimation of actual calories takes place. The ability to precisely monitor the nutrient intake of the infant is important in dealing with the nutritional management of the VLBW infant.
Point-of-care methods to accurately and quickly measure nutrient content of human milk feeding would improve the ability of the neonatologist to adjust nutrient intake and address poor growth. Currently available methods for measuring human milk content include the creamatocrit, ultrasonic analyzers, midinfrared spectrophotometers and near-infrared (NIR) spectrophotometry. [19] [20] [21] NIR spectrophotometry is a promising method for providing point-of-care measurements of human milk macronutrients with several distinct advantages over other technologies. NIR spectrophotometry uses the wavelength spectrum 1200 to 2400 nm to analyze material of solid and liquid states. NIR spectrophotometers are available commercially and have been used to measure carbohydrate, fat and protein content of cow's milk by the dairy industry. [22] [23] [24] [25] [26] These devices have also been used to measure sheep, donkey and goat milk. [27] [28] [29] The aim of this study was to validate NIR spectrophotometry for the analysis of carbohydrates, fat and protein in human milk.
Methods
Lactating mothers of infants admitted to the University of California San Diego Infant Special Care Center or Family Medical Care Center who were producing human milk in excess of their baby's needs were eligible to participate. Each mother gave informed consent and this project was approved by the Institutional Review Board at University of California San Diego. Each sample was coded for confidentiality and blinding purposes. In order to collect samples that varied in composition, each mother was asked to donate five samples in 1 week and two more weekly samples thereafter for a total of seven samples of 1 oz each.
On study day 1, the mothers were asked to give a sample from the morning, and one from the evening. On day 4, the mothers were asked to separate the pumping into foremilk and hindmilk. On days 7, 14 and 21, a single morning sample was requested. The maternal past medical, pregnancy and perinatal histories were recorded along with their infant's date of birth, birth weight, sex and gestational age.
Frozen or room temperature milk samples were pre-warmed to 40 1C in a digital water bath and gently shaken by hand to prevent milk fat from separating out. Milk was analyzed on the SpectraStar 2400 Near Infrared Analyzer (Unity Scientific, Columbia, MD, USA) using B1 ml of milk. The sample was drawn up with a plastic dropper onto a gold transflectance chamber that was magnetically sealed carefully so as not to trap air bubbles. The chamber was loaded into the machine and spectrophotometric analysis was performed across the entire spectrum between 1200 and 2400 nm. The remaining milk sample volume was frozen and stored at À20 1C. These milk samples were sent for reference chemical analysis (University of Guelph Laboratory Services, Guelph, Canada) for the following macronutrients: fat, protein and carbohydrate. Reference chemical methods included Mojonnier for fat, Kjeldahl for total protein and high-pressure liquid chromatography for carbohydrate.
Calibration curve generation
Individual full spectra (1200 to 2400 nm) for each sample were compared with the reference chemistry values for each macronutrient (fat, protein and carbohydrate) and then analyzed by Calstar software (Unity Scientific) that uses partial least squares method to determine the best correlation. Using these 42 values, a master calibration file was generated to enable the NIR milk analyzer to perform nutrient analysis of human milk. Logistic regression (Microsoft Excel 2007) was then used to test the validity of this device on a second sample set and their reference values.
Results
Eighteen mothers from the University of California San Diego infant special care unit submitted a total of 52 samples. Forty-two of the samples were used to create the calibration file and 10 of the samples were used for the validation set. Five of the mothers donated samples that went toward both the calibration and validation sets. The average maternal ages were 31.8 and 34.2 years for the validation and calibration set, respectively. The calibration set included 32 morning, 5 evening, 3 hindmilk and 2 foremilk samples, while the validation set included 6 morning, 0 evening, 1 hindmilk and 3 foremilk samples. There were 21 and 7 infants in the calibration and validation data sets, respectively. The average gestational ages of the infants were 31.5 and 34.9 weeks for the validation and calibration sets, respectively. Infants in the calibration data set had a mean age of 73.7 days of life for the first sample day, mean gestation age of 31.5 weeks, mean birth weight 1779 g, were 67% males and included 4 multiple births. The seven infants in the validation data set had a mean age of 102.3 days of life for the first sample day, mean gestation age of 34.9 weeks, mean birth weight 2,381 g, were 71% males and included 1 multiple birth.
The chemical analysis found that the ranges of nutrients in the calibration set were carbohydrate: 5.74 to 7.12 g per 100 ml, fat: 0.67 to 6.64 g per 100 ml and protein: 0.98 to 1.97 g per 100 ml. For the validation set, the range was carbohydrate: 5.58 to 6.56 g per 100 ml, fat: 1.11 to 5.62 g per 100 ml and protein: 0.96 to 1.86 g per 100 ml. After logistic regression analysis, it was found that the calibration set had a correlation (r 2 ) of 0.81 for carbohydrates, 0.96 for fat and 0.96 for protein ( Figure 1 ). The validation set had a correlation (r 2 ) of 0.91 for carbohydrates, 0.95 for fat and 0.95 for protein ( Figure 2 ).
Discussion
Human milk is the preferred nutrient source for the VLBW infant because of its unique biological activity and nutrient quality that improves numerous health outcomes. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Fortification of human milk with extra calories, protein, minerals and vitamins is required and produces significantly improved growth in comparison with unfortified milk. 30 Accurate human milk nutrient information is required as a result to manage human milk feeding for the VLBW infant. Methods to measure nutrient content of human milk are currently limited for the neonatal care team. The known high variability in nutrient content in human milk makes nutrient recommendations inherently inaccurate. In this study, we have calibrated and validated a new point-of-care device that uses NIR to measure accurately all three major macronutrients in human milk. Further benefits of NIR milk analysis include the ability to analyze a very small sample size (B1 ml), the lack of need to homogenize the sample and a fast analysis time (B30 s per sample).
Human milk has been analyzed using other technologies, but has several disadvantages to NIR spectrophotometry. Meier et al. 20 used a creamatocrit device and showed it is an accurate way to measure fat (r 2 ¼ 0.90). Creamatocrit, however, does not measure carbohydrate or protein. Michaelsen et al. 21 looked at a midinfrared device and found it most accurate for fat (r 2 ¼ 0.99) and protein (r 2 ¼ 0.98), but less accurate for carbohydrates (r 2 ¼ 0.63). Mid-infrared devices typically use a larger minimum sample size of 6 to 20 ml and are more expensive than the NIR device used in this study. Corvaglia et al. 19 studied an NIR device different from the one used in our study. They showed accuracy in measuring fat (r 2 ¼ 0.65) and protein (r 2 ¼ 0.80), but did not report on carbohydrate. Ultrasonic analyzers are commercially available for milk analysis, but we were unable to find any published articles reporting their accuracy.
The composition of expressed breast milk varies greatly between individuals. [16] [17] [18] Milk composition varies with the volume of milk expressed, the type of milk obtained (foremilk or hindmilk) and the stage of lactation. The range of actual protein concentrations in human milk is very large. Analyzing complete 24 h milk expressions, Gross et al.
17 demonstrated a two-to threefold range in protein concentration regardless of the stage of lactation. Variation in fat content and hence energy density were similarly large, as was variation in carbohydrate and electrolytes. Concentrations of carbohydrate and protein were shown to be inversely related to milk volume. Polberger et al. 31 reported a large range of protein and lipid concentrations. In the case of fat, differences in the vigor with which mothers pump and the degree to which they empty breasts (and thereby include hindmilk with its high fat content) is a possible explanation of fat variability. Regardless of the largely speculative causes of variability, the practical implications are that expressed breast milk supplied by mothers of VLBW infants frequently contains far less protein, energy and other nutrients than is assumed, based on the average amounts reported in the literature. The current practice of 'blind' fortification is, therefore, suboptimal for the promotion of growth.
The main limitation of our study is that our validation and calibration file were performed on a relatively small sample set due to the high costs of reference chemistry. Given the high variability in human milk, the range of nutrient values are likely to vary more widely than our study's ranges for each macronutrient. However, samples cannot simply be diluted to obtain measurements of lower concentrations of macronutrients because NIR measures these components in the context of a consistent background matrix of compounds. Ideally, additional variable samples outside of the range of this study need to be included as they are discovered, after which the calibration file can be adjusted accordingly to increase the robustness of the machine's range of measurement.
Conclusion
NIR spectrometer is a feasible method for the analysis of carbohydrate, fat and protein content in human milk. NIR milk analysis offers the potential for evaluating human milk before each feeding, followed by adjustable individualized fortification to optimize nutrition. A randomized controlled trial is currently underway to assess growth and neuro-developmental outcomes for infants that receive individualized fortification based on NIR milk analysis compared with standard fortification. Human milk analysis using near-infrared spectrophotometry CW Sauer and JH Kim
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